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The topic of fetal pain deserves a scientific appraisal that is independent from the highly
controversial and partisan issues surrounding abortion, women’ s rights, or philosophical
projections about the beginning of human life. The implications of this appraisal extend beyond
its impact on abortion, on the effects of pain in preterm neonates, on the use of analgesia/
anesthesia during neonatal surgery or intensive care, on fetal surgery and other interventions, and
on the long-term effects of early experience on the developing nervous system'. Fetal pain was
recently the subject of a systematic review, which concluded that fetal perception of painis
unlikely before 29 to 30 weeks of human gestation®. The vast majority of premature babies, who
require neonatal intensive care or surgical care, are born before 30 weeks gestation. Before
trandating these findings into clinical practice, it isimportant to evaluate the conclusions of this
multidisciplinary review.

A critique of therecent review:

Closer examination reveals three major flaws in the scientific reasoning followed by Lee and
colleagues. First of al, they present pain perception as a‘hard-wired’ system in which pain
impulses are passively transmitted along sensory nerves, spinothalamic and thalamocortical
pathway's, until “perception” occurs, via activation of the primary somatosensory cortex?.
Evidence over the past 40 years has discarded this classical Cartesian view of pain, beginning
from the Gate Control Theory of pain® and confirmed by reams of clinical and basic science
data*®. Pain perception, instead, involves multi-layered networks of nociceptors, nerve fibers,
neurons and glia, distributed in multiple spinal and supraspinal areas, forming diverse feed-back
and feed-forward loops, whereby the participation, function and neurochemical profiles of these
cellular elements are constantly modified by external and internal cues”®. Signaling of pain at
any stage of development depends not only on the context and characteristics of the painful
stimulus, but also on the behavioral state and cognitive demands at that time®. Fetuses
undergoing intrauterine invasive procedures were reported to show coordinated responses
signaling the avoidance of tissue injury?®.

Secondly, Lee and colleagues incorrectly assume that pain perception during fetal or neonatal
development must engage the same structures involved in pain processing as those used by
human adults. Lack of development of these areas is then used to support the argument that
fetuses do not feel pain until late gestation®. Many years of careful, painstaking research shows
that the fetus or neonate is not a “little adult”, that the structures and mechanisms used for pain
processing during fetal or neonatal life are unique and completely different from those used by
adults, and that many of these structures/mechanisms are not maintained beyond specific periods
of early development'® . Theimmature pain system thus plays a signaling role during each
stage of development and may use the neural elements available at that time to fulfill this role®.
Evolutionary theory posits that emotions necessary for survival will develop as early as possible
during ontogeny. If starvation and injury are the greatest threats to newborn survival, then
hunger and pain may be the earliest homeostatic emotions to develop in the fetus™ .

Lastly, Lee et al. propose that activation of the sensory cortex is anecessary criterion for pain
“perception” to occur in the fetus®. The lack of evidence for pain-specific thalamocortical
connectionsin fetal life thus supports their claim against fetal pain. Thisline of reasoning,
however, ignores clinical data showing that ablation or stimulation of the primary somatosensory
cortex does not alter pain perception in adults, whereas thalamic ablation or stimulation does™™*.



Pain is now viewed as a homeostatic emotion, with the thalamus playing a central rolein pain
processing and regulating the spinal-brainstem-spinal loops that mediate descending facilitation
or inhibition depending on the context of pain'**°. Fetal development of the thalamus occurs
much earlier than the sensory cortex?>??, but functional evidence for thalamic sensory processing
will require novel neuroimaging techniques™ or the recording thalamic field potentials™® from
fetuses. If cortical activity is not required for pain perception in adults, why should it be a
necessary criterion for fetuses? Despite this caveat, robust cortical activity occursin preterm
neonates exposed to tactile or painful stimuli®*, which may be correlates of sensory content or its
context and certainly imply conscious perception.

In addition to their scientific rationale, we question their use of systematic review methodology.
Lee and colleagues report a search strategy that identified 2,106 articles in PubMed as a starting
point for their review®. Subsequent methods, however, deviate from the evidence-based methods
for systematic reviews, showing a significant disconnect between data acquisition and analysis.
For example, the criteria used for selection of relevant articles (from which the evidence was
extracted), independent assessments of study quality, the process used for rejecting relevant
articles, or methods used for data synthesis were not stated. Methods for the systematic review
of observational studies® were not followed and alternative methods were not described.

Sixteen of their listed references could not be accessed via PubMed, whereas other relevant
studies, for example, on fetal neurosensory processing were not included®® . Inconsistent
inclusion of evidence and ambiguous methodology used for data synthesis (such that this
systematic review cannot be replicated) raises serious questions about the authors’ scientific bias
and the validity of their findings.

Thecriterion of consciousness:

Toinsist on the evidence for fetal consciousness” sets up a criterion that is difficult to measure,
prove, or disprove. Asthe underlying substratum for al natural phenomena, it has been argued
that consciousness is the proof of everything, but there can be no proof for consciousness™ ** 3,
Research in thisareais particularly difficult because the physical basis of consciousness even in
the human adult remains unknown®. There s also significant confusion in describing fetal
behavioral states, with the frequent interposition of arousal, wakefulness, consciousness, or
awareness™> %, despite significant differencesin the definition and correlates of these entities.
Whereas consciousness may be abstract and difficult to measure, we recommend conscious
perception as perhaps a scientifically measurable entity.

Conscious perception associated with widespread activation of brain areas®, but the driving
force for such activation comes from the reticular activating system (RAS), with inputs from the
basal forebrain, locus coeruleus, substantia nigra, ventral tegmentum, and median raphe. Lesions
in this system, but not in the thalamus or cortex, lead to aloss of consciousness™ *’. From a
careful analysis of fetal behavior, with memory and learning serving as the highest order
evidence for psychological function in utero, Hepper and Shahidullah infer conscious sensory
perception in the fetus™.

The question remains, however, if the fetusis “aware” of painful stimulation resulting from
tissue injury. Biobehavioral data suggest that the fetus mostly remains asleep in utero®,
mediated by cortical inhibitors like adenosine, neurosteroids (pregnanol one, allopregnanolone,



corticotrophin releasing hormone), prostaglandins (Prostaglandin D), or low circulating
oxygen®. Conversely, high circulating levels of neurosteroids like dehydroepiandrosterone
(DHEA) during fetal life may activate excitatory n-methyl d-aspartate (NMDA) receptors,
resulting in neuronal activation®. Thereis significant confusion whether these hormonal
changes cause or result from sleep-like statesin the fetus™ **. Mild noxious stimuli are not
perceived during sleep, but major tissue injury occurring as aresult of abortion or fetal surgery
evokes behavioral and physiologic arousal®, not unlike the fetal responses to other aversive
stimuli***°. Evidence supporting an actively maintained sleep-like state in the fetus rests on
EEG and other observations indicating the inhibition of cortical activity®. Although evidence
guestioning the need for cortical activity in conscious perception is reviewed later, general
considerations regarding fetal brain development are first considered as aframework for this
discussion.

Human brains are well developed prior to birth:

By convention humans are considered an altricial species, underdeveloped at birth, but this
notion is based on aspects of human somatic and motoric development and it belies the relatively
advanced state of the human brain at birth®. Bioinformatics approaches relating brain
development in animal species to the human fetus** show that more than 2 months before birth,
the human brain is at the developmental stage of the newborn macagque, a species considered
quite precocial or advanced at birth*2. Just after birth, human newborns appear to be capable of
complex processing including object transformation and rapid statistical processing™ *, a strong
indication that the neural circuits necessary for perception are functional before birth. With the
exception of a surge in connectivity that occurs just before birth*, many of the neural circuits
underlying these behaviors develop during time intervals corresponding to the second trimester
of human development®® 2,

A functional rolefor neuronsin the subplate zone:

The cortex is accepted as the main participant in cognitive function, and subplate neurons are the
first cellsto populate this region®. Neuronsin the subplate zone, which later separates to
include Layer | of the cortex*®*, form an early intrinsic synaptic network that communicates
using glutamate, GABA, calcium binding proteins, neuropeptides, or acetylcholine®™ *°, with
distinct inputs from the thalamus and the neocortex®.

The subplate zone appears earlier in the somatosensory than in the visual area and reaches four
times the width of the somatosensory cortex in the human fetus (2:1 in the monkey), implying
that this embryonic structure that expanded during evolution to subserve important sensory
functions™. Stimulation of the subplate region initiates large NMDA receptor-mediated EPSPs
with long durations, influencing the development of cortical circuits in the neonate®. Subplate
neurons are the source of the earliest peptidergic activity in the cortex™. Intensive differentiation
of the subplate neurons occurs between 17 and 25 weeks of gestation, with various types of
afferent fibers, at least five neuronal types (polymorphous, fusiform, multipolar, normal, and
inverted pyramidal neurons), large dendritic sizes and axonal patterns supporting a functional
role during development® >**®. Changes in the MRI lamination pattern of the human fetal
cerebral cortex are predominantly caused by changes in the subplate zone™.



A portion of subplate neurons will die during development, therefore, they were simply assigned
a“shepherding” function in development, to guide other migrating neurons and to serve as a
waiting zone for later, more essential connections™™>’. Under this conventional model, subplate
cellsthat persist in the deep cortex till maturity are viewed ssimply as avestigial neural
population® °. But brain cells as vestigial developmental remnants would imply a huge waste
of metabolic support — large proportions of spinal cord neurons also die prior to maturity with no
suggestions that the remaining neurons are vestigal®®. Neuronal modeling studies indicate the
most efficient communication strategy might be to distribute sparse connections across time and
space®!, something that the subplate neurons are optimally positioned to do*%. The persistence of
subplate cells through maturity, their location in the cortical fiber tracts, and their connections
throughout the cortical layers, indicate their vital role in mature cortical function.

During development, subplate neurons serve as targets for cortical and thalamic afferents™®°, as
pathway pioneers for corticothalamic efferents®® and as necessary participantsin the formation of
ocular dominance columns®. They likely coordinate receptive fields with orientation maps® and
play arolein gyrification*. They are particularly susceptible to the preterm injuries that trigger
cognitive and sensory deficits, a susceptibility that decreases as the human fetus ages®™.

Unlike the subplate cellsin the deep cortex, those in the most superficial layers of cortex will die
upon maturity, leaving behind a convergence of connectivity that evolvesinto the first functional
developmental circuits’”*®, This connectivity pattern strongly correlates with a unique marker
for primate conscious perception, the behaviorally relevant N1 evoked response, an EEG
deflection recorded following sensory stimuli. Changesin the N1 component of a ERP
accurately predict sensory perception in primates™, as a response initiated in cortical layer
These superficial connections, initially forged in the subplate zone, are components of an
interactive strategy for cognitive processing, within which sensory information is primed, guided
and interpreted®” ®®, Having examined the rationale and evidence for afunctional subplate zone,
which is active in the second trimester human fetus, we can return to the question of whether
cortical activation is necessary conscious perception.
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Conscious per ception can occur without the cerebral cortex:

Half a century ago, the neurosurgeon Wilder Penfield and physiologist Herbert Jasper noted that
large cortical excisions, even as radical as hemispherectomy, were made while communicating
with their patients and occurred without interrupting the patient’s continuity of consciousness’".
Surgical removal of the cerebral cortex deprived their patients of certain forms of information or
discriminative capacities, but not of consciousnessitself. Based on such findings from more than
750 patients with intractable epilepsy, they proposed that “the highest integrative functions of the
brain are not completed at the cortical level, but in a system of highly convergent subcortical
structures supplying the key mechanism of consciousness™ ®. Electrical stimulation of cortical
areas before excision revealed that the reflective, critical conscious capacities of their patients
co-existed with stimulation-induced effects (elaborate fantasy, dream-like experiences or
hallucinations), suggesting an independence of the observing function of consciousness and its
cortical contents™.

Some epileptic seizures, typically initiated with a discrete lapse of consciousness, show a
symmetrical bilateral coincidence of even the first abnormal spike in the EEG, which seemed



incompatible with epileptic spread across the callosal interhemispheric pathways™. This
suggested paroxysmal activity in subcortical regions that are symmetrically and radially
connected with both cerebral hemispheres™. A specific and selective malfunction of
CoNnsciousness occurs in seizures of absence epilepsy, associated with the distinctive EEG pattern
of bilateral, synchronously evolving spike and wave discharges. This EEG pattern was not
evoked by stimulation of any cortical area, but was experimentally produced by stimulation of
the midline thalamus by Jasper and others™ . Edelman and colleagues have also discussed the
criteriafor consciousness in animal species”™ * and concluded that a functional cerebral cortex is
not necessary for conscious perception.

A subcortical system, mediating the organization of conscious perception and volitional
behavior, mainly includes the basal ganglia, medial thalamus (midline, intralaminar and reticular
nuclei), ventrolateral thalamus, substantia nigra, ventral tegmental area, superior colliculus,
median raphe, and the midbrain and pontine reticular formation. This system, critical for
consciousness, does not function “by itself alone, independent of the cortex™, but “by means of
employment of various cortical areas”®. That intact forebrain commissures are not required for
high levels of cognitive function” provides further evidence for itsrolein the integration of
bilateral cerebral cortical areas, radially and symmetrically related to this midline system™ *”.
Additional evidence for the role of subcortical processing in conscious sensory perception comes
from the Sprague effect described in cats™ ”°. Experimental inactivation of the cortex at the
junction of occipital, parietal, and temporal |obes by reversible cooling leads to unilateral neglect
of stimuli from the opposite side, whereas cooling of the superior colliculus opposite to the
cortical inactivation seemsto “cure” this unilateral defect® ®. Similar correction of the neglect
caused by frontal cortical damage was observed in a human patient following midbrain damage
on the opposite side®.

Confirmatory clinical evidence for conscious perception mediated by this subcortical system
comes from infants and children with hydranencephaly, with minimal or no cortical tissue® .,
Despite the total or near-total absence of the cerebral cortex, these children clearly possess
discriminative awareness, for example, distinguishing familiar from unfamiliar people and
environments, social interaction, functional vision, orienting, musical preferences, appropriate
affective responses, and associative learning™.

Multiple lines of evidence reviewed above, in fact, conclusively present the alternative view that
anatomical development or functional activity of the cortex is not required for conscious sensory
perception. Consistent with this view are observations that (a) children with hydranencephaly
consistently respond to pain or pleasure in a conscious coordinated manner®®®’ similar to intact
children, (b) preterm neonates or adolescents with parenchymal brain injury have impaired
cortical function, yet they mount biobehavioral responses to pain indistinguishable from those of
unimpaired controls®® #, and (c) patients in a persistent vegetative state present evidence for the
conscious perception of self and environment™ °%, including the capacity to experience pain™.

Summary and conclusions:

The conclusions of Lee and colleagues’ regarding fetal pain are flawed, because they ignore a
large body of research related to pain processing in the brain, present afaulty scientific rationale
and use inconsistent methodology for their systematic review. Based on the available scientific




evidence, we cannot dismiss the high likelihood of fetal pain perception before the third trimester
of human gestation. When developmental timeis“translated” across experimental speciesto
humans, it is clear that functionally effective patterns of sensory processing develop during the
second trimester in the fetal thalamus. Many thalamocortical interactions located in the subplate
zone persist into maturity, thus providing afunctiona template for subsequent cortical
processing. Several lines of evidence indicate that consciousness depends on a subcortical
system, whereas the contents of consciousness are selectively located in cortical areas. Ablation
or stimulation cortical areas do not block or cause pain perception in adults, whereas thalamic
ablation or stimulation does. It islikely, therefore, that thalamic nuclel play acentral rolein
conscious pain perception. Fetal development of the thalamus occurs much earlier than the
sensory cortex, providing the substrate and mechanisms for conscious pain perception during the
second trimester, but not in the first trimester and before the third trimester of human gestation.



References:

1
2.

3.
4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Vanhatalo S, van Nieuwenhuizen O. Fetal pain? Brain & Development 2000; 22:145-50.
Lee SJ, Ralston HJP, Drey EA, Partridge JC, Rosen MA. Fetal pain: A systematic
multidisciplinary review of the evidence. JAMA 2005; 294:947-954.

Melzack R, Wall PD. Pain mechanisms: a new theory. Science 1965; 150:971-9.
Nathan PW, Rudge P. Testing the gate-control theory of pain in man. Journal of
Neurology, Neurosurgery & Psychiatry 1974; 37:1366-72.

Dickenson AH. Gate control theory of pain stands the test of time. British Journal of
Anaesthesia 2002; 88:755-7.

Defrin R, Aridl E, Peretz C. Segmental noxious versus innocuous electrical stimulation
for chronic pain relief and the effect of fading sensation during treatment. Pain 2005;
115:152-60.

Woolf CJ, Salter MW. Neuronal plasticity: increasing the gain in pain. Science 2000;
288:1765-1768.

Price DD. Psychological and neural mechanisms of the affective dimension of pain.
Science 2000; 288:1769-1772.

Williams C. Framing the fetus in medical work: rituals and practices. Social Science &
Medicine 2005; 60:2085-95.

Fitzgerald M. The development of nociceptive circuits. Nature Reviews Neuroscience
2005; 6:507-20.

Narsinghani U, Anand KJS. Developmental neurobiology of pain in neonatal rats. Lab
Animal 2000; 29:27-39.

Glover V, Fisk N. We don't know: better to err on the safe side from mid-gestation. BMJ
1996; 313:796.

Anand KJS, Rovnaghi C, Walden M, Churchill J. Consciousness, behavior, and clinical
impact of the definition of pain. Pain Forum 1999; 8:64-73.

Craig AD. A new view of pain as a homeostatic emotion. Trends in Neurosciences 2003;
26:303-307.

Brooks JC, Zambreanu L, Godinez A, Craig AD, Tracey |. Somatotopic organisation of
the human insula to painful heat studied with high resolution functional imaging.
Neuroimage 2005; 27:201-9.

Craig AD. Interoception: the sense of the physiological condition of the body. Current
Opinion in Neurobiology 2003; 13:500-5.

Nandi D, Aziz T, Carter H, Stein J. Thalamic field potentialsin chronic central pain
treated by periventricular gray stimulation -- a series of eight cases. Pain 2003; 101:97-
107.

Nandi D, Liu X, Joint C, Stein J, Aziz T. Thalamic field potentials during deep brain
stimulation of periventricular gray in chronic pain. Pain 2002; 97:47-51.

Craig AD. Pain mechanisms: labeled lines versus convergence in central processing.
Annual Review of Neuroscience 2003; 26:1-30.

Erzurumlu RS, Jhaveri S. Thalamic axons confer a blueprint of the sensory periphery
onto the developing rat somatosensory cortex. Brain Research. Developmental Brain
Research 1990; 56:229-34.

O'Leary DD, Schlaggar BL, Stanfield BB. The specification of sensory cortex: lessons
from cortical transplantation. Experimental Neurology. 1992; 115:121-6.



22.

23.

24,

25.

26.

27.

28.

29.

30.

31
32.

33.

35.

36.

37.

38.

39.

40.

41.

Ulfig N, Neudorfer F, Bohl J. Transient structures of the human fetal brain: subplate,
thalamic reticular complex, ganglionic eminence. Histology & Histopathology. 2000;
15:771-90.

Chung HW, Chen CY, Zimmerman RA, Lee KW, Lee CC, Chin SC. T2-Weighted fast
MR imaging with true FISP versus HASTE: comparative efficacy in the evaluation of
normal fetal brain maturation. American Journal of Roentgenology 2000; 175:1375-80.
Bartocci M, Berggvist LL, Lagercrantz H, Anand KJS. Pain activates cortical areasin the
preterm newborn brain. The Lancet 2005; (under review).

Bhutta AT, Cleves MA, Casey PH, Cradock MM, Anand KJS. Cognitive and behavioral
outcomes of school-aged children who were born preterm: A meta-analysis. Journal of
the American Medical Association 2002; 288:728-737.

Eswaran H, Preissl H, Wilson JD, et al. Short-term serial magnetoencephal ography
recordings of fetal auditory evoked responses. Neuroscience L etters 2002; 331:128-32.
Eswaran H, Wilson J, Preissl H, et al. Magnetoencephal ographic recordings of visual
evoked brain activity in the human fetus. Lancet 2002; 360:779-80.

Eswaran H, Lowery CL, Wilson JD, Murphy P, Preissl H. Functional development of the
visual system in human fetus using magnetoencephal ography. Experimental Neurology
2004; 190.

Holst M, Eswaran H, Lowery C, Murphy P, Norton J, Preissl H. Development of auditory
evoked fields in human fetuses and newborns. alongitudinal MEG study. Clinical
Neurophysiology 2005; 116:1949-55.

Edelman GE, Tononi G. A Universe of Consciousness. New Y ork, NY: Basic Books,
2000.

Dennett DC. Consciousness Explained. New Y ork: Back Bay Books, 1991.

Crick F, Koch C. A framework for consciousness. Nature Neuroscience. 2003; 6:119-
126.

Mellor DJ, Diesch TJ, Gunn AJ, Bennet L. The importance of ‘awareness for
understanding fetal pain. Brain Research Reviews 2005; (in press).

Hepper PG, Shahidullah S. The beginnings of mind--evidence from the behavior of the
fetus. JRep Infant Pscyhol 1994; 12:143-54.

Pillai M, James D. Development of human fetal behavior: areview. Fetal Diagnosis &
Therapy 1990; 5:15-32.

Pillai M, James D. Are the behavioural states of the newborn comparable to those of the
fetus? Early Human Development 1990; 22:39-49.

Smythies J. The functional neuroanatomy of awareness: with a focus on the role of
various anatomical systemsin the control of intermodal attention. Consciousness &
Cognition 1997; 6:455-81.

Compagnone NA, Mellon SH. Dehydroepiandrosterone: a potential signalling molecule
for neocortical organization during development. Proceedings of the National Academy
of Sciences of the United States of America 1998; 95:4678-83.

Anand KJS, Maze M. Fetuses, fentanyl, and the stress response: signals from the
beginnings of pain? Anesthesiology. 2001; 95:823-5.

Clancy B, Darlington RB, Finlay BL. The course of human events. predicting the timing
of primate neural development. Developmental Science 2000; 3:57-66.

Finlay BL, Darlington RB. Linked regularities in the development and evolution of
mammalian brains. Science 1995; 268:1578-1584.



42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

55.

56.

S7.

58.

59.

60.

Clancy B, Darlington RB, Finlay BL. Trandating developmental time across mammalian
species. Neuroscience. 2001; 105:7-17.

Damon W. Handbook of child psychology. New Y ork: J. Wiley, New Y ork, 1998.
GulyaM, Rovee-Callier C, Galuccio L, Wilk A. Memory processing of a serial list by
young infants. Psychological Science 1998; 9:303-307.

Rakic P, Bourgeois J-P, Eckenhoff MF, Zecevic N, Goldman-Rakic PS. Concurrent
overproduction of synapsesin diverse regions of the primate cerebral cortex. Science
1986; 232:232-235.

Bayer SA, Altman J. Development of layer | and the subplate in the rat neocortex.
Experimental Neurology 1990; 107:48-62.

Marin-PadillaM. Dual origin of the mammalian neocortex and evolution of the cortical
plate. Anatomy & Embryology 1978; 152:109-126.

Chun JJ, Nakamura M J, Shatz CJ. Transient cells of the developing mammalian
telencephal on are peptide-immunoreactive neurons. Nature 1987; 325:617-620.
Hanganu IL, Kilb W, Luhmann HJ. Functional synaptic projections onto subplate
neurons in neonatal rat somatosensory cortex. Journal of Neuroscience 2002; 22:7165-
7176.

Sarnat HB, Flores-Sarnat L. Role of Cajal-Retzius and subplate neuronsin cerebral
cortical development. Seminarsin Pediatric Neurology. 2002; 9:302-308.

Kostovic I, Rakic P. Developmental history of the transient subplate zone in the visual
and somatosensory cortex of the macague monkey and human brain. Journal of
Comparative Neurology 1990; 297:441-70.

Clancy B, Silva-Filho M, Friedlander MJ. Structure and projections of white matter
neurons in the postnatal rat visual cortex. Journal of Comparative Neurology 2001,
434:233-52.

Kostovic I, Stefulj-Fucic A, Mrzljak L, Jukic S, Delalle . Prenatal and perinatal
development of the somatostatin-immunoreactive neurons in the human prefrontal cortex.
Neuroscience Letters 1991; 124:153-6.

Mrzljak L, Uylings HB, Kostovic I, Van Eden CG. Prenatal development of neuronsin
the human prefrontal cortex: I. A qualitative Golgi study. Journal of Comparative
Neurology 1988; 271:355-86.

Mrzljak L, Uylings HB, Kostovic I, van Eden CG. Prenatal development of neuronsin
the human prefrontal cortex. I1. A quantitative Golgi study. Journal of Comparative
Neurology 1992; 316:485-96.

Kostovic I, Judas M, Rados M, Hrabac P. Laminar organization of the human fetal
cerebrum revealed by histochemical markers and magnetic resonance imaging. Cerebral
Cortex 2002; 12:536-44.

Ghosh A, Shatz CJ. Pathfinding and target selection by developing genicul ocortical
axons. Journal of Neuroscience 1992; 12:39-55.

Judas M, Milosevic NJ, Rasin MR, Heffer-Lauc M, Kostovic |. Complex patterns and
simple architects. molecular guidance cues for developing axonal pathwaysin the
telencephalon. Progressin Molecular & Subcellular Biology 2003; 32:1-32.

Kostovic |, Judas M. Transient patterns of organization of the human fetal brain. Croatian
Medical Journal 1998; 39:107-14.

Woo TU, Beale MM, Finlay BL. Dual fate of subplate neuronsin arodent. Cerebral
Cortex 1991, 1:433-443.



61.

62.

63.

65.

606.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77

78.

79.

80.

Laughlin SB, Sginowski TJ. Communication in neurona networks. Science 2003;
301:1870-1874.

McConnell SK, Ghosh A, Shatz CJ. Subplate neurons pioneer the first axon pathway
from the cerebral cortex. Science 1989; 245:978-982.

Ghosh A, Shatz CJ. Involvement of subplate neuronsin the formation of ocular
dominance columns, Science 1992; 255:1441-1443.

Grossberg S, Seitz A. Laminar development of receptive fields, maps and columnsin
visual cortex: the coordinating role of the subplate. Cerebral Cortex 2003; 13:852-863.
McQuillen PS, Sheldon RA, Shatz CJ, Ferriero DM. Selective vulnerability of subplate
neurons after early neonatal hypoxia-ischemia. Journal of Neuroscience 2003; 23:3308-
3315.

Cauller LJ, Kulics AT. The neural basis of the behaviorally relevant N1 component of the
somatosensory-evoked potential in Sl cortex of awake monkeys: evidence that backward
cortical projections signal conscious touch sensation. Experimental Brain Research 1991;
84:607-619.

Cauller L. Layer | of primary sensory neocortex: where top-down converges upon
bottom-up. Behavioral Brain Research 1995; 71:163-170.

Koch C, Davis JL. Large-scale neuronal theories of the brain. Cambridge, MA: MIT
Press, 1994.

Penfield W, Jasper HH. Epilepsy and the functional anatomy of the human brain. Boston:
Little, Brown & Co., 1954:pp. 473-477, 482, 622-633.

Danner R, Shewmon DA, Sherman MP. Seizures in an atelencephalic infant. Is the cortex
essential for neonatal seizures? Archives of Neurology 1985; 42:1014-6.

Jasper HH, Droogleever-Fortuyn J. Experimental studiesin the functional anatomy of
petit mal epilepsy. Proceedings of the Association for Research in Nervous & Mental
Disease 1947; 26:272-298.

Danober L, Deransart C, Depaulis A, Vergnes M, Marescaux C. Pathophysiologic
mechanisms of genetic absence epilepsy in the rat. Progress in Neurobiology 1998;
55:27-57.

Edelman DB, Baars BJ, Seth AK. Identifying hallmarks of consciousnessin non-
mammalian species. Consciousness & Cognition 2005; 14:169-87.

Seth AK, Baars BJ, Edelman DB. Criteriafor consciousness in humans and other
mammals. Consciousness & Cognition 2005; 14:119-39.

LeDoux JE, Risse GL, Springer SP, Wilson DH, Gazzaniga M S. Cognition and
commissurotomy. Brain 1977; 100:87-104.

Thompson R. Centrencephalic theory, the general learning system, and subcortical
dementia. Annals of the New Y ork Academy of Sciences 1993; 702:197-223.

Merker B. The liabilities of mobility: a selection pressure for the transition to
consciousness in animal evolution. Consciousness & Cognition 2005; 14:89-114.
Sprague JM. Interaction of cortex and superior colliculusin mediation of visually guided
behavior in the cat. Science 1966; 153:1544-1547.

Wallace SF, Rosenquist AC, Sprague JM. Recovery from cortical blindness mediated by
desctruction of nontectotectal fibers in the commissure of the superior colliculusin the
cat. Journal of Comparative Neurology 1989; 284:429-450.

Driver J, Vuilleumier P. Perceptua awareness and itslossin unilateral neglect and
extinction. Cognition 2001; 79:39-88.



81.

82.

83.

85.

86.

87.

88.

89.

90.

91.

Rees G. Neuroimaging of visual awarenessin patients and normal subjects. Current
Opinion in Neurobiology 2001; 11:150-156.

Weddell RA. Subcortical modulation of spatial attention including evidence that the
Sprague effect extends to man. Brain and Cognition 2004; 55:497-506.

Marin-Padilla M. Developmental neuropathology and impact of perinatal brain damage.
[1: white matter lesions of the neocortex. Journal of Neuropathology and Experimental
Neurology 1997; 56:219-235.

Takada K, ShiotaM, Ando M, Kimura M, Inoue K. Porencephaly and hydranencephaly:
a neuropathological study of four autopsy cases. Brain & Development 1989; 11:51-6.
Shewmon DA, Holmes GL, Byrne PA. Consciousness in congenitally decorticate
children: developmental vegetative state as self-fulfilling prophecy. Developmental
Medicine & Child Neurology 1999; 41:364-74.

Friebert SD, Haslinger Division of Pediatric Palliative Care, Akron Children's Hospital,
Akron, Ohio). Personal communication: Pain perception in patients with severe brain
anomalies. In: Anand KJS, ed. Akron, Ohio, 2004.

Tribus KERMML, International Hydranencephaly Support Group
www.hydranencephaly.com). Personal communication: Pain in children with
hydranencephaly. In: Anand KJS, ed. Bay St. Louis, MS, 2004.

Oberlander TF, Grunau RE, Fitzgerald C, Whitfield MF. Does parenchymal brain injury
affect biobehavioral pain responsesin very low birth weight infants at 32 weeks
postconceptional age? Pediatrics. 2002; 110:570-576.

Oberlander TF, Gilbert CA, Chambers CT, O'Donnell ME, Craig KD. Biobehavioral
responses to acute pain in adolescents with a significant neurologic impairment. Clinical
Journal of Pain 1999; 15:201-9.

Schiff NDM, Rodriguez-Moreno DM, Kamal AM, et a. fMRI revealslarge-scale
network activation in minimally conscious patients. Neurology 2005; 64:514-523.
Shewmon DA. A critical analysis of conceptual domains of the vegetative state: sorting
fact from fancy. Neurorehabilitation 2004; 19:343-7.




